Here we present evidence that hypoxia causes a rapid decrease in the transcription of the eNOS gene, accompanied by decreased acetylation and lysine 4 (Histone H3) methylation of eNOS proximal promoter histones. Surprisingly, we demonstrate that histones are rapidly evicted from the eNOS proximal promoter during hypoxia. We also demonstrate endothelial-specific H2A.Z incorporation at the eNOS promoter and find that H2A.Z is also evicted by hypoxic stimulation. After longer durations of hypoxia, histones are reincorporated at the eNOS promoter, but these histones lack substantial histone acetylation. Additionally, we identify a key role for the chromatin remodeler, Brg1, in reestablishing eNOS expression following reoxygenation of hypoxic cells. We posit that post-translational histone modifications are required to maintain constitutive eNOS transcriptional activity, and that histone eviction rapidly resets histone marks, and is a proximal event in the hypoxic repression of eNOS. While nucleosome eviction has been reported in models of transcriptional activation, the observation that eviction can also accompany transcriptional repression in hypoxic mammalian cells argues that eviction may be broadly relevant to both positive and negative changes in transcription.
Hypoxia elicits endothelial dysfunction, in part, through reduced expression of endothelial nitric oxide synthase (eNOS).
Here we present evidence that hypoxia causes a rapid decrease in the transcription of the eNOS gene, accompanied by decreased acetylation and lysine 4 (Histone H3) methylation of eNOS proximal promoter histones. Surprisingly, we demonstrate that histones are rapidly evicted from the eNOS proximal promoter during hypoxia. We also demonstrate endothelial-specific H2A.Z incorporation at the eNOS promoter and find that H2A.Z is also evicted by hypoxic stimulation. After longer durations of hypoxia, histones are reincorporated at the eNOS promoter, but these histones lack substantial histone acetylation. Additionally, we identify a key role for the chromatin remodeler, Brg1, in reestablishing eNOS expression following reoxygenation of hypoxic cells. We posit that post-translational histone modifications are required to maintain constitutive eNOS transcriptional activity, and that histone eviction rapidly resets histone marks, and is a proximal event in the hypoxic repression of eNOS. While nucleosome eviction has been reported in models of transcriptional activation, the observation that eviction can also accompany transcriptional repression in hypoxic mammalian cells argues that eviction may be broadly relevant to both positive and negative changes in transcription.
Hypoxia has long been associated with alterations to blood vessel function. For example, hypoxia elicits dramatic changes in the expression of genes in the vascular endothelium (1) . These gene expression changes result in alterations to endothelial phenotype, and can ultimately result in endothelial activation and dysfunction. It is known for example that the vasoconstrictor, endothelin-1 (2) and the mitogen, plateletderived growth factor β (3), are induced in endothelial cells exposed to hypoxic conditions. In contrast, hypoxia potently decreases the expression of eNOS in endothelial cells by both transcriptional and post-transcriptional mechanisms (4) . In the pulmonary circulation, hypoxia induces vasoconstriction that is thought to match ventilation to perfusion (reviewed in (5) ). This vasoconstriction can be partly attributed to decreased nitric oxide (NO)-elicited effects on vascular tone (reviewed in (6) ). For example, loss of eNOS-derived NO contributes to the phenotype of pulmonary hypertension (7) (8) (9) , while reintroduction of the eNOS gene in NOS3-/-mice can reverse pulmonary vascular defects (10) .
Though the transcription of several genes, including eNOS, is decreased upon exposure to hypoxic conditions, it is not clear what mechanisms underlie these changes. Models of transcriptional repression by hypoxia include the induction of transcriptional repressors (11) (12) (13) (14) (15) and direct inhibition elicited by HIF binding to proximal promoter elements (16) (17) (18) . We found that the chromatin structure at the eNOS proximal promoter and 5′-coding region plays a prominent role in regulating the constitutive transcriptional activity of the eNOS gene (19) . A specific histone code exists at these regions in endothelial cells, consisting of acetylation of the N-terminus of histones H3 and H4, particularly at lysine 9 of histone H3 and lysine 12 of histone H4, and di-and trimethylation of lysine 4 of histone H3 (H3K4Me). We considered whether alterations to the histone code of the eNOS gene may play a causative role in the down-regulation of eNOS transcription that occurs following exposure of endothelial cells to pathological stimuli, such as hypoxia. Indeed, several studies have pointed to a role for modulation to chromatin structure in hypoxic gene repression. For example, silencing of MLH1 by hypoxia is reversible upon treatment with histone deacetylase (HDAC) inhibitors (20) and the expression of p53 and von Hippel Lindau mRNA are repressed by HDAC induction in hypoxic endothelial cells (21) . Additionally, the cAMP-mediated transcriptional induction of surfactant protein A is also compromised under hypoxic conditions. Reduced histone acetylation and increased lysine 9 methylation of histone H3 (H3K9Me) at the promoter of this gene have been suggested to be important in this hypoxic repression (22) . Similar hypoxia-dependent global and gene-specific increases in H3K9Me (23) , and decreases in global levels of histone H4 acetylation (24) have also been described by others. Taken together, these findings suggest that hypoxia negatively regulates gene expression, in part, through chromatin-based pathways.
To determine if modulation of chromatin structure is involved in eNOS repression during hypoxia, we exposed endothelial cells to hypoxic conditions and assessed the changes in post-translational histone modifications at the eNOS promoter. We found that hypoxia decreased histone acetylation and H3K4Me at the eNOS promoter, even after very short durations of hypoxic exposure. We considered whether the histones were being deacetylated in a general fashion by HDAC activity or whether the histones might actually be completely removed upon hypoxic stimulation. Here we present evidence that argues against enzymatic deacetylation of eNOS promoter histones during short-term hypoxia. By assessing the total levels of histone H3 and H4 at the eNOS proximal promoter, we found that histones were rapidly evicted during short-term hypoxia and were reincorporated following long-term hypoxia. We also found that the H2A variant, H2A.Z was basally present at the eNOS promoter and was also transiently evicted from the eNOS proximal promoter during hypoxia. The eviction of histones was highly localized: the eNOS proximal promoter lost histone proteins, whereas regions upstream of the eNOS promoter were not affected. The histones (H3 and H4) that were reincorporated at the eNOS promoter following long-term hypoxia were functionally distinct from eNOS promoter histones present during normoxic conditions since they were not highly acetylated. Additionally, using siRNA to target nucleosomal remodeling proteins, we identified an unexpected role for Brahma related gene 1 (Brg1) in the re-establishment of eNOS expression following reoxygenation of hypoxic endothelial cells. We hypothesize that nucleosome eviction is a rapid method to remove post-translational histone modifications that are required for eNOS transcriptional activity. This is the first demonstration, to our knowledge, of a role for histone eviction in mammalian gene repression, and provides a new paradigm for hypoxic gene regulation.
EXPERIMENTAL PROCEDURES
Cell culture and hypoxia model: Human umbilical vein endothelial cells (HUVEC) were cultured and characterized as previously described (25) , and experiments were performed in early passage cells (passage [3] [4] . Hypoxia experiments were performed using a ThermoForma (Marietta, OH) normobaric anoxia chamber that maintains less than 1% oxygen. This was established by the use of Ultra High Purity gases (5% CO 2 (27) , respectively.
RNA interference: 40 nM of siRNA was transfected into 90% confluent HUVEC grown on 60-mm gelatin-coated tissue culture plates using 33 µl of Oligofectamine transfection reagent (Invitrogen) in a total volume of 2000 µl. The Brg1, Brm and Control siRNAs were from Santa Cruz (sc-29831, sc-29827 and sc-37007, respectively). A second independent set of Stealth Control and Brg1 siRNAs from Invitrogen were also used (12935-300 and 1299003, respectively). Following 3 h of transfection at 37°C in Opti-MEM medium (Invitrogen), M199 medium (Invitrogen) containing fetal bovine serum (Hyclone), heparin, and endothelial cell growth supplement (Biomedical Technologies) was added. Cells were cultured for 18 h and were then transferred to the hypoxia chamber and grown for an additional 24 h. In some experiments hypoxic cells were returned to a normoxic environment for an additional 24 h. I-treated (5  units, 30 min, 37 o C; Fermentas, Burlington, ON) total cellular RNA were treated with heparinase (1 unit, 1 h, room temp; SigmaAldrich, St. Louis, MO), and then used in first-strand cDNA synthesis using random primers and SuperScript II reverse transcriptase (Invitrogen, Burlington, ON) according to the manufacturer's recommendations. cDNA was diluted to a final volume of 120 µl. All quantitative reverse transcriptase-PCR analyses were performed in triplicate on 2 µl of cDNA using the ABI PRISM 7900 HT sequence detection system (Applied Biosystems, Foster City, CA). Quantification of eNOS, and Cyclophilin A were performed using Taqman technology. Human eNOS mRNA was quantified using primers spanning the junction between exon 11 and 12: 5'-GGC ATC ACC AGG AAG AAG ACC-3', 5'-TCA CTC GCT TCG CCA TCA C-3', and probe 5'-FAM™ CCA ACG CCG TGA AGA TCT CCG C TAMRA™-3'. Human Cyclophilin A mRNA (exon 1/2) was quantified using primers: 5 '-GAC GGC GAG CCC TTG G -3', 5'-TCT  GCT TTT GGG ACC TTG T -3' and probe 5'-FAM CGC GTC TCC TTT GAG CTG TTT  GCA BHQ-3' . Levels of 18S, VEGF-A, Brm and Brg1 were quantified using SYBR Green chemistry. 18S was quantified using the following primer set: 5'-AGG AAT TGA CGG AAG GGC AC-3' and 5'-GGA CAT CTA AGG GCA TCA CA-3'. VEGF-A mRNA levels were quantified using primers: 5'-GCA GAC CAA AGA AAG ATA GAC CAA G-3' and 5'-CGC CTC GGC TTG TCA CAT-3' (28). The forward and reverse primers are located in exon 4 and 8, respectively, and detect all alternatively spliced transcripts. Brm was quantified using primers: 5 '-GGC TCC  CAG TCC TAC TAC ACC GT-3' and 5'-TTT  CCA AGC CCC ATT TCA TCG-3'. Brg1 was  quantified using primers: 5'-CCT TCC TCA  TCA TCG TGC CTC TCT-3' and 5'-GCG  AGG ATG TGC TTG TCT TTG ATG-3'.  PCR master mixes for Taqman and SYBR  Green were obtained from Applied Biosystems. Serial 10-fold dilutions of plasmids corresponding to target RNAs were by guest on http://www.jbc.org/ Downloaded from used to develop standard curves so that copy numbers could be deduced by absolute quantification.
Real-time RT-PCR: 2 µg of DNase

Real-time RT-PCR analysis of eNOS premRNA:
Analysis of unspliced eNOS premRNA was determined by reverse transcribing (Superscript II, Invitrogen) 2 µg of DNase I (5 units; Fermentas) and heparinase-treated (1U (Sigma), 1h room temp) total cellular RNA and diluting to a final volume of 120 µL. Real-time RT-PCR was performed on 2 µL of first-strand and performed in triplicate on multiple biological replicates. To exclude the presence of contaminating genomic DNA, similar analysis was performed in the absence of reverse transcriptase. This analysis revealed that < 0.5% of the pre-mRNA copies could be attributed to genomic DNA contamination. Copies of pre-mRNA were quantified by comparison to a standard curve of known concentrations of genomic DNA, where 1 ng of genomic DNA was taken to reflect 300 copies of a single copy gene in the haploid genome. Real-time amplicons were located in exon 1/intron 1, intron 1/exon 2, intron 4/exon 5, exon 14/intron 14 and intron 25/exon 26 of the eNOS gene (Table I ). The intron 25/exon 26 primer pair also amplifies the cis-antisense transcript, sONE, which overlaps with eNOS in a tail-to-tail fashion (29) .
Western blotting: Histones were harvested from hypoxia-treated HUVEC as described previously (19) . Total cellular protein was isolated in Laemmli buffer. The following antibodies were used: anti-acetyl histone H3 (Upstate: 06-599), anti-acetyl lysine (Upstate: 06-933) (to detect histone H4 acetylation), anti-histone H3 (Abcam: ab1791), anti-Brg1 (Santa Cruz: sc-10768), anti-Brm (Abcam: ab15597) and anti-Lamin A/C (Santa Cruz: sc-7293). Detection was performed using an HRP-conjugated secondary antibody with SuperSignal West Pico chemiluminescent substrate (Pierce, Woburn, MA) and the Fluor-S Max MultiImager (model 170-772), BioRad, Hercules, CA).
Chromatin immunoprecipitation (ChIP):
ChIP was performed essentially as previously described (19, 30) . Briefly, approximately 1 x 10 6 cells were used per ChIP. Formaldehyde was added directly to the media to a final concentration of 1% and incubated at 37 o C for 10 min. Sonication was performed on ice using a Sonics and Materials Vibra-Cell sonicator with a 3 mm tip set at 30% maximum power using 10 sec pulses with a 10 sec interval between sonications to completely solubilize chromatin and achieve documented chromatin fragmentation ranging in size between 200 and 400 bp. Chromatin was precleared using 80 µL salmon-sperm DNA/protein-A/agarose for 2 h. Immunoprecipitation was performed overnight using 2-5 µg of antibody or a background control (no antibody or 5 µg of normal rabbit IgG). An 18 µL (of 1800 µL total volume) aliquot of chromatin was removed prior to immunoprecipitation to serve as an input control. Immune complexes were collected for 2 h with 60 µL salmon-sperm DNA/protein-A/agarose. After extensive washing, formaldehyde cross-links were reversed, DNA was purified by proteinase K digestion and phenol/chloroform extraction, and following ethanol precipitation, samples were resuspended in 40 µL of water. Real-time PCR was performed in triplicate on 2 µL of bound chromatin, 2 µL of a no antibody control or control IgG immunoprecipitation, and 2 µL of a tenfold dilution of input chromatin in a 10 µL reaction. The number of copies of target sequence was determined by comparison to a standard curve using plasmids containing varied human genomic eNOS fragments (31), a BAC clone containing the eNOS locus, or human genomic DNA, with comparable results. Immunoprecipitated DNA (IP DNA) was determined by subtracting the number of target DNA molecules in the control immunoprecipitation from the number of copies in the immunoprecipitated samples using a specific antibody, and dividing by the number in the diluted input sample. In these studies, findings were comparable whether a no antibody control or control IgG was used to control for non-specific immunoprecipitation. Real-time PCR primer sequences can be found in Table I .
LUminometric Methylation Assay (LUMA):
Analysis of global levels of DNA methylation in control and hypoxic HUVEC were determined essentially as described (32) . This technique takes advantage of an isoschizomer pair which cleave 5'C^CGG sites but differ in their methylation sensitivity. HpaII cleaves only unmethylated sequences while MspI cleaves both unmethylated and methylated sites. Genomic DNA (500 ng) derived from hypoxia-treated HUVEC was digested with HpaII + EcoRI and MspI + EcoRI (New England Biolabs, Ipswich, MA) in two separate 20 µl reactions for 4 h at 37°C. Digests were subsequently inactivated for 20 min at 65°C. EcoRI (cleaves 5'G^AATTC sequence) was used for normalization. Pyorosequencing using a PSQ96 TM HS instrument (EpigenDx Inc) was used to assess each restriction site. The HpaII/MspI ratio was calculated as (HpaII/EcoRI)/(MspI/EcoRI).
Sodium bisulfite genomic sequencing:
Analysis of DNA methylation was performed as described in (30) . 5 µg of genomic DNA from HUVEC that were exposed to hypoxia for 24 h were bisulfite treated. The eNOS proximal promoter was PCR amplified from bisulfite-treated DNA using nested PCR. The outer primer set was: 5'-GTG TTA TAT TAT AGA AGG ATT TTT ATG-3' and 5'-ACC CAA AAC CCA ACC CCA ACC CCA AAC-3' (-346 to +95), and the inner primer set was: 5'-TGT TTT AGT TTT TAT GTT GTA GTT TTA G-3' and 5'-ACT ACC TAC TCC AAC AAA ACC CTA ACC-3' (-286 to +3). The PCR product was gel purified and cloned into pCR II vector and 10-15 individual clones were sequenced.
Chromatin Accessibility and Real-time PCR (CHART-PCR):
CHART-PCR was essentially performed as described (33) with minor modifications. Briefly, two 100 mm plates of confluent normoxic, hypoxia-treated HUVEC or normoxic vascular smooth muscle cells were used for CHART-PCR analysis. Cell pellets were lysed for 10 min on ice in 1 mL of Lysis Buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.5% Nonidet P-40, 150 µM spermine, 500 µM spermidine) to release nuclei. Pelleted nuclei were washed with 1 mL of Wash Buffer (10 mM Tris-HCl, pH 7.4, 15 mM NaCl, 60 mM KCl, 150 µM spermine, 150 µM spermidine) at 4 o C for 10 min, with rotation. Nuclei were resuspended in 700 µL of Digestion Buffer (Wash Buffer plus 1 mM CaCl 2 ). Following optimization of approaches, 100 µL of nuclei were either digested with 7.5 U of micrococcal nuclease (USB, Ohio) for 5 min or were left undigested. The reaction was stopped by adding 100 µL of Stop Buffer (20 mM EDTA, 2 mM EGTA, 1% SDS) followed by incubation on ice for 10 min. Protein was removed by addition of 75 µg proteinase K and digestion overnight at 50 o C, followed by phenol-chloroform extraction and ethanol precipitation of DNA. DNA from digested and undigested samples was resuspended in 30 µL of water. Samples were adjusted to 10 ng/µL for Real-time PCR analysis. Real-time PCR was performed in triplicate on 2 µL of DNA and transcript copy number was determined by comparison to a standard curve consisting of serial dilutions of a BAC clone containing the eNOS genomic locus or serial dilutions of genomic DNA (each of which gave similar results). The percent accessibility was determined by comparing the number of copies in the digested and undigested DNA samples. See Table I for a list of primers used for CHART-PCR analysis.
Statistics: Unless otherwise stated, all experiments were performed a minimum of three times and data represent the mean ± SEM. Statistical analyses were performed using a Student's t-test or ANOVA and Newman-Keuls post-hoc test, as appropriate. A P-value less than 0.05 was considered to be statistically significant.
RESULTS
Hypoxia down-regulates eNOS transcription.
Prior studies by us, and others, have investigated hypoxia-mediated decreases in by guest on http://www.jbc.org/ Downloaded from eNOS expression using in vitro approaches (4, 34, 35) . We have also previously determined the effect of hypoxic exposure on the transcriptional activity of the chromatinintegrated eNOS promoter in vivo by exposing eNOS insertional promoter/reporter transgenic mice to hypoxia (8%, 48 h) and assessing reporter expression in the endothelial cells of the renal papilla (36) . In this transgene, 5.2 kb of the murine eNOS promoter directs expression of the reporter β-galactosidase. Hypoxia dramatically decreased eNOS promoter activity. This was not due to a general decrease in β-galactosidase translation, as similar treatment of nNOS promoter/reporter transgenic mice lead to an increase in β-galactosidase activity (36) . Thus, hypoxia elicits a dramatic decrease in eNOS transcription in a living animal.
To further study the mechanisms of eNOS transcriptional repression in hypoxic endothelial cells we exposed human umbilical vein endothelial cells (HUVEC) to hypoxic conditions (<1% O 2 ) for various durations of time. We have previously demonstrated that eNOS mRNA levels decrease following longer durations (6-24 h) of hypoxic exposure (34) . Since hypoxia is known to regulate eNOS mRNA levels through both transcriptional and post-transcriptional mechanisms, RNA polymerase II (Pol II) chromatin immunoprecipitation (ChIP) assays of the native eNOS promoter in HUVEC were used to assess the effect of hypoxia on eNOS transcription. We assessed the eNOS proximal promoter (-166 to -26), and a down-stream region in the eNOS gene (exon 14/intron 14). At the proximal promoter of eNOS, hypoxia resulted in a significant decrease in the amount of Pol II after only 1 h of hypoxia. Levels of Pol II continued to decrease throughout hypoxic treatment, with a 50% reduction in Pol II recruitment observed by 24 h (Fig. 1A) . While we have previously demonstrated that long-term hypoxia inhibits eNOS transcription using nuclear run-off analyses (4), these findings reveal that transcriptional repression is extremely rapid, occurring after only 1 h of exposure to hypoxic conditions, and that transcriptional repression continues during long-term hypoxia. We previously demonstrated that Pol II was highly enriched at the eNOS proximal promoter compared to the coding region under basal conditions. This suggested that Pol II was selectively loaded at the promoter, forming a pre-initiation complex (19) . Analysis of Pol II density in the coding region of eNOS/NOS3 (exon 14/intron 14) demonstrated decreased basal loading of Pol II compared to the proximal promoter, as we previously described. Similar to the proximal promoter, Pol II levels in the coding region of eNOS also decreased rapidly upon exposure of endothelial cells to hypoxia, with a more than 70% decrease in the density of Pol II at exon 14/intron 14 evident by 24 h (Fig. 1A) . Since others have suggested that an HRE element is involved in eNOS hypoxic regulation of transiently transfected eNOS promoter/reporters (37), we also assessed Pol II recruitment to this element in basal and hypoxia-stimulated HUVEC. Only background levels of Pol II were present at the putative HRE, and hypoxia did not result in altered Pol II recruitment to this region (data not shown).
As an independent method of measuring the transcriptional activity of the eNOS gene during hypoxia we measured the levels of eNOS pre-mRNA by real-time RT-PCR (Fig.  1B,C) . Measurement of unspliced pre-mRNA is a surrogate of transcriptional activity due to the very short half-life of such nascent RNA species, which are very rapidly processed in the nucleus co-transcriptionally (38) . Quantitative pre-mRNA measurements have been used by others to monitor transcriptional activity (39) . Quantification by real-time RT-PCR revealed that the abundance of premRNA generated across the eNOS locus represented 4.4 ± 1.2% of the levels of fully processed eNOS mRNA (data not shown). Levels of eNOS pre-mRNA were assessed across the eNOS locus during hypoxic exposure (Fig. 1C) . The mature processed eNOS mRNA is a very stable mRNA under basal conditions in normal vascular endothelium (40) . In agreement with prior studies (34), we found that processed eNOS mRNA levels do not begin to decrease until 6-24 h of hypoxic exposure (Fig. 1C) . In contrast, levels of eNOS pre-mRNA, measured across the eNOS locus, are rapidly reduced, even after only 1-2 h of hypoxic exposure (Fig. 1C) . This is consistent with a rapid inhibition of eNOS transcription. In contrast to the down-regulation of pre-mRNA levels across the majority of the eNOS locus, pre-mRNA levels detected at the 3' end of the eNOS gene (intron 25/exon 26, preE) did not decrease as dramatically during short-term (1-4 h) hypoxic exposure and were actually elevated compared to eNOS mRNA and premRNA levels at 6-24 h of hypoxic treatment. Importantly, this primer set also amplifies premRNA generated from the sONE gene, which is transcribed in a tail-to-tail fashion to the eNOS gene on the opposite DNA strand. We have recently demonstrated that sONE transcription is maintained during hypoxic exposure of endothelial cells (1-6 h) (34) .
Hypoxia decreases active chromatin marks at the eNOS proximal promoter.
We have previously identified a functional role for histone post-translational modifications in eNOS transcriptional activity, with high levels of histone acetylation and H3K4Me present on the histones at the eNOS proximal promoter (19) . To determine whether changes in histone modifications were associated with the decreased transcriptional activity of eNOS during hypoxia we used anti-acetyl histone H3 (H3Ac), anti-acetyl histone H4 (H4Ac) and anti-dimethyl lysine 4 of histone H3 (H3K4Me2) antibodies in ChIP assays and analyzed the eNOS proximal promoter (-166/-26) ( Fig. 2A : solid line). Hypoxia resulted in dynamic changes in these modifications at the eNOS proximal promoter, with levels of H3Ac decreasing approximately 30% and levels of H4Ac decreasing approximately 50% within the first 1-4 h of hypoxia treatment. H4Ac levels were stably decreased during longer durations of hypoxia. Though H3Ac levels tended to increase during long-term hypoxia (6-24 h) treatment, H3Ac failed to reach baseline values (20-25% lower acetylation compared to normoxia). Assessment of H3K4Me2 revealed a similar loss of this modification compared to H3Ac levels. These findings demonstrate that post-translational modifications are dynamically altered at eNOS proximal promoter histones during hypoxic exposure.
To determine whether changes in posttranslational histone modifications were confined to the eNOS proximal promoter, or whether they extend into other regions of the NOS3 transcriptional unit, these modifications were also assessed in exon 14/intron 14 of the eNOS gene ( Fig. 2A ; dashed line). Basal levels of histone acetylation and H3K4Me are lower at exon 14 of eNOS than at the proximal promoter (19) . In contrast to the proximal promoter, histone acetylation and methylation did not significantly decrease with short durations of hypoxic treatment (1-4 h) at exon 14 of eNOS. However, following 24 h of hypoxia, levels of histone H3 and H4 acetylation were reduced by approximately 70% and 40%, respectively, at exon 14 ( Fig.  2A) . Additionally, H3K4Me decreased modestly at this genomic region following long-term hypoxia.
As an additional control, histone acetylation and RNA Pol II recruitment were assessed at the HIF binding site of the VEGF-A promoter (VEGF HRE) (Fig. 2B ). Though it has previously been demonstrated that acetylation of histone H3 increases at the VEGF HRE in response to hypoxia (41) , the kinetics of histone acetylation are poorly understood. In contrast to the decrease in acetylation at the eNOS proximal promoter during short durations of hypoxia, acetylation increased at the VEGF HRE after 2 h of hypoxia (Fig. 2B ). Levels of histone acetylation then slowly declined following 4 h of hypoxia, with levels returning to near baseline levels by 24 h. This change in histone acetylation correlated well with recruitment of Pol II to the VEGF HRE (Fig. 2B) .
To determine whether hypoxia elicited global changes in histone acetylation patterns, western blots on acid-extracted histones were performed to assess the acetylation of histone H3 and H4 in hypoxic HUVEC (Fig. 2C) . Total histone H3 levels were used as a loading control. Histone acetylation was not significantly altered over the first few hours of exposure to hypoxia. However, levels of H3Ac and H4Ac decreased markedly during longer durations of hypoxia. Therefore, when taken together with the VEGF HRE ChIP data, it is apparent that the rapid changes in histone acetylation observed at the eNOS proximal promoter are a specific, rather than a global phenomenon.
Hypoxia does not alter repressive chromatin marks at the eNOS promoter. We demonstrate above that active chromatin marks, including histone acetylation and H3K4Me, are lost from the eNOS promoter during hypoxia. We additionally sought to determine whether a corresponding gain of repressive chromatin marks, such as DNA methylation and H3K9Me, occurred. H3K9Me is a wellcharacterized repressive histone modification, and we have previously demonstrated modest levels of this modification at the eNOS promoter in non-expressing cell types (19) . This is in contrast to the markedly elevated levels of this repressive mark at the human iNOS gene in endothelial cells and vascular smooth muscle cells (42) . It is now appreciated that cellular H3K9Me content is dynamically regulated in mammalian tissues, and that hypoxia can modulate genome-wide and gene-specific levels of H3K9Me (23, 43) . We failed to detect an increase in H3K9me at the eNOS promoter in hypoxic endothelial cells (Suppl. Fig. 1A ) despite positive H3K9Me signal at the iNOS promoter in these cells (data not shown). We have also previously demonstrated that DNA methylation represses eNOS transcription in non-endothelial cell types (30) . Of interest, others have argued that hypoxia can elicit sitespecific DNA hypermethylation in endothelial cells (44) . We therefore assessed whether the eNOS promoter was methylated in endothelial cells during chronic hypoxia. Similar to H3K9Me analyses, DNA methylation did not increase during long-term hypoxia. (Suppl. Fig. 1B ) The eNOS promoter remained completely unmethylated following long-term hypoxia (24 h). Additionally, analysis of global levels of DNA methylation revealed a lack of regulation of bulk DNA methylation level by hypoxia (Suppl. Fig. 1C ). These negative findings suggest that loss of active chromatin marks, specifically histone H3 and H4 acetylation and H3K4Me, are the primary epigenetic alterations that occur at the eNOS promoter during hypoxia.
Reoxygenation restores histone acetylation at the eNOS promoter and transcription of the eNOS gene.
To determine whether hypoxiamediated repression of eNOS expression was reversible, we returned hypoxic HUVEC (24 h) to normoxic conditions and measured eNOS expression following reoxygenation for 24 h (Suppl. Fig. 2 ). Reoxygenation of hypoxic cells resulted in a return of eNOS RNA levels to that of untreated control cells. This rapid restoration of eNOS expression is in contrast to other studies demonstrating that hypoxic repression can continue even after cells are returned to a normoxic environment for 48 h (45). To determine whether the histone acetylation code at the eNOS locus is reset following reoxygenation, and whether hypoxia-mediated transcriptional repression is relieved, we also performed ChIP assays on reoxygenated cells (Suppl. Fig. 2 ). Levels of H4Ac, which decrease nearly 50% following 6 or 24 h of hypoxia, returned to normoxic levels following reoxygenation, suggesting that histone acetylation is reset at the eNOS promoter. In addition, Pol II levels at the eNOS promoter drop by approximately 50% following hypoxia, but return to baseline levels following reoxygenation. These findings suggest that the hypoxia-mediated transcriptional repression of eNOS is reversible.
Hypoxia decreases acetylation at all assessed lysine residues. We previously suggested that a specific histone code exists in endothelial cells at the eNOS proximal promoter (19) . The histone acetylation code consisted of high levels of lysine 9 acetylation of histone H3 (H3K9Ac) and lysine 12 acetylation of histone H4 (H4K12Ac). Since others have suggested that hypoxia can lead to the induction of HDAC activity (21), we determined whether lysine residues of histones at the eNOS promoter were selectively deacetylated during hypoxia by performing ChIP assays with antibodies that recognize acetylation of specific lysine residues of histone H3 and H4 tails (Fig. 3) . Surprisingly, rather than altering specific acetylation marks at the eNOS promoter, such as selective changes in either H3K9Ac or H4K12Ac, we observed that all of the acetylation marks were decreased during hypoxia. All of the lysine residues that we assessed on histone H3 and H4 were deacetylated by approximately 50% throughout the hypoxic treatment.
Hypoxia results in loss of histone proteins from the eNOS locus. A decrease in ChIP signal for acetylated lysine residues of histone proteins could be attributed to a loss of histone proteins rather than to enzymatic removal of the acetylation mark. We sought to determine whether decreased levels of histone H3 or H4 could account for the decrease in histone acetylation levels at the eNOS proximal promoter during hypoxia. To this end, we performed ChIP assays using antibodies that detect total levels of histone H3 and H4, independent of post-translational histone modifications. Indeed, histone H3 and H4 occupancy was observed to decrease at the eNOS proximal promoter (-166/-26) during hypoxia (Fig. 4A) . Interestingly, while histone H3 and H4 ChIP signals were decreased at the proximal promoter during short durations of hypoxia (1-4 h), levels began to increase after 6 h and returned to baseline values following 24 h treatment with hypoxia. This suggests that histones are rapidly evicted and then return to the proximal promoter after longer durations of hypoxia. To determine whether this loss of histones was localized to the proximal promoter (-166/-26), two regions upstream of the proximal promoter were also analyzed (Fig. 4A ). This analysis revealed that the loss of histone proteins was largely confined to the proximal promoter, as regions upstream in the eNOS promoter ((-488/-398) and (-891/-797)) did not demonstrate significant histone loss. Additionally, histone density was unaltered in the open reading frame (ORF) of E-Cadherin, a gene that is not expressed in HUVEC (data not shown).
We demonstrated in Figure 3 that histone acetylation rapidly decreased following only 1 h of hypoxia, and remained at decreased levels throughout the duration of hypoxia. Taking histone density into account, by normalizing changes in lysine acetylation to total levels of histone proteins, revealed that the acetylation of the remaining eNOS promoter histones decreased at a steady rate during hypoxia, with only modest changes (< 25%) occurring during the first 2 h of hypoxia (Fig. 4B) . Following long-term hypoxia (6-24 h), histone acetylation decreased approximately 50%. This suggests that histone eviction during short-term hypoxia has a major effect on the total acetylation level of the eNOS proximal promoter. This data also suggests that the histones that are reincorporated at the eNOS proximal promoter following long-term hypoxia are not highly acetylated. Since acetylation of histones is reset following reoxygenation, this suggests that either increased HDAC activity and/or decreased HAT activity in hypoxic endothelial cells maintains the eNOS promoter in an inactive state by preventing the acetylation of reincorporated histone proteins. In contrast to histone acetylation, H3K4Me decreased modestly during hypoxia when normalized to total histone H3 levels, suggesting that H3K4Me levels at the eNOS promoter are more stable during hypoxia (Fig. 4B ). While these studies reveal an important role for histone eviction in repressing transcription, they also emphasize the importance of controls in ChIP analyses. Measuring total levels of histone H3 and H4 at a genomic locus is key to interpreting changes or differences in post-translational modifications of histones.
The histone variant H2A.Z is preferentially incorporated into the eNOS promoter in an endothelial-specific fashion, and hypoxia results in a loss of H2A.Z from the eNOS proximal promoter. In addition to histone post-translational modifications, histone variants can also play a role in regulating transcription. The H2A variant, H2A.Z, has been suggested to play a role in regulating chromatin architecture and transcriptional processes (46) . While the function of H2A.Z is still not fully understood, it is known that H2A.Z is non-randomly incorporated into chromatin. In genome-wide studies in yeast, H2A.Z has been found to be concentrated at the promoters of both active and inactive genes (47) . However, H2A.Z was localized almost exclusively to the promoters and enhancers of highly expressed genes in human cells (48, 49) . To determine whether H2A.Z was incorporated into the eNOS gene locus, we used ChIP to assess the presence of H2A.Z at several regions across the eNOS promoter, at exon 1/intron 1 and exon 14/intron 14 of the eNOS gene, at the promoter of the housekeeping gene, Cyclophilin A (CYPA), and in the ORF of a non-expressed gene, ECadherin (CDH1), in both eNOS expressing cells (HUVEC) and eNOS non-expressing (VSMC) cell types (Fig. 5A ). H2A.Z was preferentially incorporated at the eNOS promoter in endothelial cells, with the highest levels present at the -488/-398 region. We failed to detect significant basal levels of H2A.Z at the eNOS promoter in VSMC. H2A.Z incorporation at the CYPA promoter, which is transcriptionally active in both cell types, and which we have previously shown to be similarly acetylated between cell types (19) , was similar between HUVEC and VSMC. Similar to the paucity of H2A.Z in ORFs that have been noted in global H2A.Z localization studies in human and yeast cells, H2A.Z levels were low in the coding region of eNOS and CDH1. This data demonstrates that H2A.Z is incorporated at the promoter of eNOS in an endothelial-specific fashion and represents the first example of cell-specific incorporation of H2A.Z at the promoter of a gene that exhibits cell-specific transcription.
Since H2A.Z-containing chromatin has been argued to be more prone to histone loss (49,50), we measured the levels of H2A.Z at the eNOS promoter during hypoxia (Fig. 5B) . Similar to the rapid loss of histones H3 and H4 at the eNOS proximal promoter (-166/-26), H2A.Z levels were also diminished at the proximal promoter with short-term hypoxia. Levels increased back to base-line values following 24 h of hypoxia. Surprisingly, levels of H2A.Z were not significantly decreased at genomic regions upstream in the eNOS promoter ((-488/-398) and (-891/-797)) (Fig.  5B) , despite higher basal levels of this variant at -488/-398 in endothelial cells. This argues against H2A.Z levels being directly responsible for histone eviction at the eNOS promoter, and suggests that H2A.Z is lost together with histones H3 and H4 at the proximal promoter (-166/-26). That H2A.Z is only incorporated at the eNOS promoter in endothelial cells, where the eNOS gene is highly expressed, argues for a role for H2A.Z in regulating eNOS expression. Future studies will be needed to directly test this hypothesis.
Nucleosomal accessibility across the eNOS promoter. Nucleosome structure and density are known to regulate the accessibility of chromatin to DNA modifying enzymes and DNA restriction enzymes. To assess nucleosomal accessibility across the NOS3 locus we used chromatin accessibility realtime-PCR (CHART-PCR) (33) . In this assay the ability of enzymes, such as micrococcal nuclease, to access and cut chromatin is monitored by analyzing the disappearance of PCR products in digested chromatin samples. Nucleosomal accessibility varied markedly across the eNOS promoter, with chromatin derived from endothelial cells being very highly accessible to micrococcal nuclease at the proximal promoter (Fig. 6A) . Chromatin was less accessible in upstream genomic regions. The high levels of chromatin accessibility observed at the proximal promoter (-200 to +1) did not continue into the coding region of the eNOS gene, as chromatin accessibility was approximately 25% at exon 1/intron 1, intron 1/exon 2 and exon 14/intron 14. For comparison we performed CHART-PCR on VSMCs, which do not express eNOS, and demonstrated a marked difference in chromatin accessibility between eNOS expressing and non-expressing cell types (Fig.  6A) . VSMC chromatin was markedly less accessible to nucleases at all of the regions analyzed, and the difference was particularly striking at the proximal promoter (-200 to +1). As internal controls for nuclease digestion between cell types we analyzed the CYPA promoter, which is equivalently expressed in these two cell types, and exon 10 of CDH1, a gene that is not appreciably expressed in either cell type. While the CYPA promoter was highly accessible in both cell types, the CDH1 ORF demonstrated very low accessibility in both cell types (Fig. 6A) .
To determine if differential nucleosome density between HUVEC and VSMC might explain the large differences in nucleosome accessibility observed between these two cell types, we assessed the total level of histone H3 and H4 across the eNOS promoter using ChIP assays. Basal levels of histone H3 and H4 were dramatically reduced in HUVEC compared to VSMC across the eNOS promoter, but were similar in the coding region of E-cadherin, a gene that is not expressed in either cell type (Fig. 6B) . We previously demonstrated that levels of acetylated histone H3 and H4 at the eNOS proximal promoter (-166/-26) were elevated approximately 3-4 fold in HUVEC compared to VSMC (19) . Taking total levels of histone H3 and H4 into account reveals an even more striking difference in histone acetylation between eNOS expressing and non-expressing cell-types (approximately 10-15 fold difference). Nucleosome accessibility, measured by CHART-PCR, may be partly attributed to differences in nucleosome density between cell types. However, this cannot be the only determining factor, since histone density is similar between the proximal promoter (-166/-26) and a region upstream (-488/-398), yet nucleosome accessibility at these two regions is 82% and 13%, respectively.
Hypoxia reduces nucleosomal accessibility at the eNOS proximal promoter. We have found that hypoxic treatment of endothelial cells results in decreased histone acetylation at the eNOS promoter mediated, in part, by an initial loss of histone proteins, followed by reincorporation of unacetylated histones. We next sought to determine whether changes in chromatin accessibility accompany these changes in chromatin modifications. Nucleosome accessibility at the eNOS proximal promoter (-166/-26) did not change significantly during short-term hypoxia (1-4 h) (Fig. 6C ). This was a surprising finding given that we have provided clear evidence that histone H3 and H4 are evicted from this same genomic region. Consistent with the hypoacetylation of reincorporated nucleosomes and the lack of transcriptional activity following chronic hypoxia, nucleosome accessibility was significantly decreased following 24 h of hypoxia. For comparison we assessed accessibility at the VEGF HRE. This region was highly accessible in normoxic endothelial cells (data not shown), and accessibility tended to increase during prolonged hypoxia, although this change did not reach statistical significance (Fig. 6C) .
Nucleosomal remodeling proteins are recruited to the eNOS locus during hypoxia, and are functionally important for the reexpression of eNOS following reoxygenation.
Several studies have demonstrated repressive roles for nucleosomal remodeling complexes (51) (52) (53) (54) . For example, the SWI/SNF chromatin remodeling complex has been shown to negatively regulate the expression of Cyclin A (52) and c-Fos (55) . Brahma (Brm) and Brahma-Related Gene 1 (Brg1) are ATPase subunits of the SWI/SNF complex. They are present in SWI/SNF complexes in a mutually exclusive manner. Considering that histones are evicted from the eNOS promoter during hypoxia-mediated eNOS repression, we sought to define whether nucleosomal remodeling proteins were involved in this process. To this end we used antibodies to Brm and Brg1 in ChIP assays in hypoxic HUVEC (Fig. 7A) . These proteins were not highly abundant at the eNOS promoter under basal conditions. However, these two proteins were recruited to the eNOS promoter during hypoxia with distinct kinetics. While Brg1 recruitment peaked at 2 h of hypoxia, Brm was recruited later at 4 h of hypoxia (Fig. 7A) . Brg1 recruitment appeared to be more prominent during hypoxia than Brm. Assessment of global levels of Brg1 revealed that the increase in Brg1 at the eNOS promoter was not the result of altered global Brg1 protein levels during hypoxia (Suppl. Fig. 3A ). Of note, the recruitment of Brm/Brg1 occurred after the onset of histone loss during hypoxia, and continued during the time when histones were depleted from the eNOS promoter. Brg1 and Brm recruitment was subsequently lost at 6 h of hypoxia, at a time-point when H3/H4 proteins were returning to the eNOS promoter.
To determine whether Brm and/or Brg1 played a functional role in regulating eNOS expression during hypoxia, we used RNA interference to knock-down Brg1 and/or Brm prior to exposing endothelial cells to hypoxia, and measured changes in eNOS mRNA following hypoxia. Levels of Brg1 and Brm protein were significantly decreased following a 48 h knock-down with specific siRNAs compared to non-specific, non-targeting control siRNAs (Fig. 7B) . Despite substantial knock-down of Brg1 and Brm prior to exposure of endothelial cells to hypoxia, no significant effect on eNOS RNA levels were noted (Fig. 7C) . Levels of eNOS RNA continued to fall following 24 h of hypoxia, despite the knock-down of these SWI/SNF proteins. This finding was confirmed using an independent set of Brg1 siRNAs (Suppl. Fig.  3B and C). These findings suggest that other factors must be involved in hypoxia-mediated eNOS repression.
Since Brg1 and Brm are recruited to the eNOS locus following histone eviction, and remain associated with the eNOS locus until histone density is re-established at 6 h of hypoxia, we reasoned that Brg1/Brm might play a role in re-establishing nucleosome density following long-term hypoxia. We therefore tested whether Brg1 and/or Brm were required for the re-expression of eNOS mRNA following reoxygenation of hypoxic cells (Fig. 8A) . Indeed, we found that Brg1 siRNA had a potent effect on eNOS reexpression following reoxygenation, while Brm siRNA did not have an effect. Following Brg1 knock-down with RNAi, eNOS expression was not induced upon reoxygenation. As a control, we assessed VEGF expression following reoxygenation and found no effect of Brg1 or Brm siRNA (data not shown). Assessment of histone density revealed that Brg1 knock-down did not affect histone density at the eNOS promoter following chronic hypoxia (Fig. 8B) , however lack of Brg1 did lead to a loss of histone H4 at the eNOS promoter following reoxygenation compared to control siRNA treated cells (Fig. 8B) . A more detailed analysis of the kinetics of eNOS induction during reoxygenation revealed that eNOS mRNA levels return to normoxic levels after only 2 h (Fig. 8C ). This coincided with the time-point at which Brg1 was recruited to the eNOS promoter during reoxygenation (Fig.  8D) . This suggests that Brg1 may play a key functional role in the reestablishment of eNOS transcription during reoxygenation.
DISCUSSION
Decreased eNOS-derived NO contributes to several diseases of the vasculature, including atherosclerosis (56) and pulmonary hypertension (9, 57) . While the eNOS promoter is active in a variety of cell types when it is located in episomes (30) , it is highly restricted in expression to endothelial cells when the promoter is integrated into chromatin (58) . We, and others, have shown that this cell-specificity is regulated by DNA methylation (30, 59 ) and post-translational histone modifications (19, 59) . Considering the importance of chromatin structure to the cellspecific expression of eNOS (reviewed in (60,61)), it was anticipated that expression of the eNOS gene in disease states might involve changes to chromatin structure. Here we have analyzed changes in eNOS transcription and chromatin modifications in hypoxic endothelial cells. We demonstrate that eNOS transcription is rapidly inhibited by hypoxia and that repression coincides with changes in histone acetylation and H3K4Me at the eNOS proximal promoter. Surprisingly, histone proteins (H3 and H4) appear to be evicted from the proximal promoter of the eNOS gene during acute hypoxia (1-4 h) , resulting in the resetting of histone marks, including lysine acetylation and methylation. In support of this model we demonstrate endothelial-specific incorporation of the histone variant H2A.Z at the eNOS proximal promoter and find that levels of H2A.Z also decrease rapidly with hypoxia. Following chronic hypoxic exposure (6-24 h) histones H3, H4, and H2A.Z return to the locus. However, histones H3 and H4 have reduced levels of acetylation. Histone acetylation can be reestablished to normoxic by guest on http://www.jbc.org/ Downloaded from levels following reoxygenation, and this is coincident with recruitment of Pol II, suggesting that reduced levels of histone acetylation may functionally repress eNOS transcriptional activity during hypoxia. This suggests that histone acetylation may play a role in the recruitment of factors to the eNOS promoter that regulate eNOS transcription. These findings provide a new model for gene repression, namely histone eviction.
While the mechanisms involved in the transcriptional upregulation of several hypoxia-inducible genes have been dissected in detail (62) (63) (64) , hypoxia-mediated repression is less well understood. For example, a role for Negative Cofactor 2 (NC2) has been implicated in the hypoxia-mediated repression of several genes (11) . Levels of NC2α and β protein are potently increased during hypoxia, and binding of this protein to promoter regions can displace components of the RNA polymerase II complex, such as TFIIB (11) . We considered whether NC2 might also facilitate decreased binding of Pol II to the eNOS promoter during hypoxia, but failed to detect an increase in NC2 binding using ChIP analysis (data not shown). Several studies have also demonstrated direct transcriptional repression by HIF binding to promoter elements (16) (17) (18) . While HIF can interact with co-activators, including the acetyltransferase p300 to mediate increases in hypoxiamediated transcription (65) , HIF can also interact with transcriptional repressors including Factor Inhibiting HIF-1 (FIH) (66), VHL-associated KRAB-A domain-containing protein (VHLaK) (67) and Inhibitor of Growth Family Member 4 (ING4) (68) . Additionally, HIF can associate with HDAC activity (66) . We considered whether HIF might bind to the proximal eNOS promoter to repress transcription, but a consensus HIF site was not present in this region. A HIF responsive element (HRE) has been identified at position -5375/-5366 upstream of the eNOS transcriptional start site, and HIF2α has been implicated in the regulation of eNOS transcriptional activity from transiently transfected eNOS promoter/reporter constructs (37) . However, we have found that eNOS promoter/reporter mice containing genomic regions that lack this HIF site still demonstrated reduced eNOS promoter activity in hypoxic mice (36) . We also found only background levels of RNA Pol II at the eNOS HRE, and hypoxia did not result in alterations to Pol II binding (data not shown). These findings argue that this HIF site is unlikely to play a direct role in the repression of chromatin-based eNOS transcription during hypoxia.
The importance of histone posttranslational modifications to hypoxic gene regulation is beginning to be appreciated. For example, the VEGF HRE is hyperacetylated following the hypoxic induction of this gene (41) . We have recapitulated these prior findings here, and have further defined the kinetics of hypoxia-induced chromatin changes at the VEGF HRE. Other studies have suggested a potential role for HDACs in repressing genes under hypoxic conditions (20, 21) , but these studies did not measure the effects of hypoxia on promoter acetylation or on the transcription of the regulated genes. A role for histone acetylation has also been implicated in the cAMP-induction of surfactant protein A (SPA) in normoxic cells (22) . Hypoxia inhibits this hyperacetylation through the concerted upregulation of HDACs and the down-regulation of the HAT, CBP. Hypoxia also increased H3K9Me at the SPA promoter, preventing its induction (22) . Increases in promoter-associated and global levels of H3K9Me2 and H3K9Me3 in hypoxic cells have also been reported by others (23) . In addition to these prior studies, our current findings have suggested a new molecular mechanism, histone eviction, in eliciting changes to post-translational histone modifications in the setting of hypoxia. These findings are significant because they provide a new model for how hypoxia may elicit decreases in gene transcription.
Dynamic histone removal has been observed at the enhancer (69), promoter and/or coding region (70,71) of highly active/inducible genes. Additionally, evidence indicates that histones can be dynamically evicted and replaced genome-wide, even at transcriptionally inactive loci (72). The specific loss of histones at the promoter of a by guest on http://www.jbc.org/ Downloaded from repressed gene has not been observed, at least to our knowledge. We have shown that the total level of histone H3 and H4 at the eNOS promoter decreased during short durations of hypoxia, but then returned to baseline levels following 24 h of hypoxia treatment. However, the histones that return to the eNOS proximal promoter are distinct from the histones present during normoxia since they are not as highly acetylated. During replication-coupled histone deposition, histones are deposited in an acetylated form, with histone H3 being acetylated at lysine 9 and 14 and histone H4 being acetylated at lysine 5 and 12 (73) . Since histone eviction and deposition occur rapidly (< 24 h), and since hypoxia is known to inhibit DNA replication (74) , replication-independent histone deposition is likely to occur. Histone H3.3, which is deposited in a replicationindependent manner, is highly acetylated before incorporation into chromatin (75) . Since eNOS promoter histones have reduced levels of acetylation following chronic hypoxia, increased HDAC activity and/or reduced HAT activity may be implicated in maintaining a hypoacetylated state of these replacement histones. Levels of histone acetylation at the eNOS promoter return to baseline values following reoxygenation, suggesting that HAT/HDAC activity is reset following reoxygenation. Importantly, transcription of the eNOS gene resumes, implying that decreased histone acetylation at the eNOS promoter may be functionally relevant to decreased eNOS transcription in the setting of hypoxia.
Our findings suggest that there are two distinct kinetic stages involved in the reduction in acetylation of eNOS promoter histones during hypoxia. First, rapid eviction of histones occurs, followed by reincorporation of histones with reduced acetylation levels. Alternatively, deacetylation of acetylated replacement histones may occur through HDAC activity or decreased HAT activity. When levels of lysine acetylation are compared to the total levels of histone H3 and H4, it is evident that the acetylation status of the remaining histones does not significantly change during the first 1-2 hours of hypoxia (Fig. 6B) . However, during longer durations of hypoxia (6-24 h), histones lose acetylation. A prior study demonstrated a transient hyperacetylation of histones prior to histone eviction (71) . When normalized to total histone levels, we found that levels of lysine 9 and 14 acetylation of histone H3 did increase modestly after 1 h of hypoxia (Fig. 6B) . Since histones are already evicted by 1 h, we currently cannot exclude a role for hyperacetylation prior to histone eviction due to the fast kinetics of histone eviction.
We hypothesize that post-translational modifications to the histones themselves may contribute to the recruitment of components of the pre-initiation complex. While chromatin accessibility can be a determinant of the binding of the transcriptional apparatus, the nucleosomes themselves also play an important role in directing the binding of the components of the Pol II complex. For example, Brd4, a component of the Pol II holoenzyme, binds to hyperacetylated chromatin and recruits P-TEFb to facilitate the transition to transcriptional elongation (76) , and Bdf1 binds to hyperacetylated histone H4 and recruits TFIID to TATA-less promoters in lower species (77) . Of note, eNOS is a TATAless promoter, suggesting that histone acetylation may be required for recruitment of the basal transcriptional machinery. H3K4Me also acts as a docking site for a variety of plant homeodomain domain (PHD)-containing proteins (78, 79) . Global analysis of the binding of c-Myc to promoters reveals a strict pre-requisite for the presence of specific posttranslational histone marks (80) . Therefore the removal of post-translational histone marks from the eNOS proximal promoter during hypoxia may impede the formation of functional transcriptional complexes. Reacetylation (and presumably re-methylation of lysine 4) of eNOS promoter histones following reoxygenation would be expected to re-establish the marks responsible for recruitment of the transcriptional apparatus.
Similar to the loss of histone H3 and H4 at the eNOS proximal promoter during hypoxia, H2A.Z is also lost transiently with similar kinetics, implying that whole nucleosomes are evicted during this process.
Since the region of histone loss does not correlate with the highest levels of H2A.Z incorporation, this argues against an important role for H2A.Z levels in mediating histone removal. Recent genome-wide localization studies in human cells have identified peaks of H2A.Z enrichment at the promoters and enhancers of highly active genes (48, 49) . We found that this variant was preferentially incorporated at the eNOS promoter in endothelial cells, but not in non-endothelial cells, identifying cell-specific H2A.Z incorporation for the first time. H2A.Z incorporation is facilitated by the Swr1 complex (47) and efficient H2A.Z deposition requires histone acetylation of H3 and H4 at yeast promoters. Bdf1 and Bdf2, which both contain bromo-domains, mediate this acetylation-dependent deposition (47) . It is of interest that the most important acetylation sites for H2A.Z deposition were found to be lysine 9 of histone H3 (H3K9Ac) and lysine 5 and 12 of histone H4 (H4K5Ac/H4K12Ac) (47) . In light of our dissection of the eNOS acetylation histone code (19) , it is interesting that the cell-specific modifications that we observed were at H3K9Ac and H4K12Ac. Perhaps acetylation of these lysine residues plays a functional role in the cell-specific deposition of H2A.Z at the eNOS promoter.
The mechanism by which eNOS proximal promoter histones are evicted during shortterm hypoxia is currently not known. We have demonstrated dynamic recruitment of the ATPase subunits of the SWI/SNF complex, namely Brm and Brg1, to the eNOS promoter during short durations of hypoxia. However, Brm/Brg1 engage with the eNOS promoter following, rather than concordant with, histone eviction. Because Brm and Brg1 are found in mutually exclusive SWI/SNF complexes, it is likely that this represents an ordered recruitment of two separate complexes: one that contains Brg1 at 2 h and one that contains Brm at 4 h. We also demonstrate that Brg1 is recruited transiently to the eNOS promoter during reoxygenation, demonstrating that Brg1 recruitment to the eNOS locus is highly dynamic. How these chromatin-remodeling complexes are recruited to the eNOS promoter is currently not known, but these complexes are known to interact with various transcription factors (53, 54, 81) . SWI/SNF complexes have also been demonstrated to bind to naked DNA (82) suggesting that they may be recruited to the nucleosome-deplete region of the eNOS promoter during shortterm hypoxia. This is consistent with the finding that recruitment of Brg1 and Brm occurs after histone eviction has occurred. Interestingly, we demonstrated by CHART-PCR analysis of the eNOS proximal promoter (-166/-26) that chromatin accessibility does not change during short durations of hypoxia (1-4 h), even though whole nucleosomes are removed from this region. It should be emphasized that the proximal promoter (-200 to the start site of transcription) is especially accessible to nucleases at baseline. Perhaps the removal of histones from this region is not able to further increase the already elevated accessibility at this region. Additionally, due to the large size of the SWI/SNF complex (83) , and the kinetics of their recruitment at 2 and 4 h of hypoxia, it is possible that the binding of this complex prevents gross changes in chromatin accessibility. Following 24 h exposure to hypoxia, chromatin accessibility significantly decreases suggesting that reduced levels of acetylation of eNOS promoter histones may modulate chromatin structure at the eNOS proximal promoter, especially after long-term exposure to hypoxia.
While SWI/SNF complexes have been demonstrated to alter chromatin structure by numerous mechanisms, including nucleosome sliding, and movement of nucleosomes in trans (reviewed in (83)), we provide evidence that Brg1/Brm are not involved in the repression of eNOS transcription. We used siRNA to knock-down levels of Brg1 and/or Brm prior to exposing endothelial cells to hypoxic conditions, and found that levels of eNOS mRNA were decreased similarly in control, Brg1 or Brm knock-down cells. We demonstrated however that Brg1 is functionally important for the re-establishment of eNOS expression following reoxygenation of hypoxic cells. eNOS expression is rapidly induced following reoxygenation (2 h), and this induction occurs at a time-point in which Brg1 is recruited to the eNOS promoter. Knock-down of Brg1 results in altered histone density during reoxygenation, suggesting that Brg1 perhaps plays a functional role in reestablishing eNOS chromatin to a transcriptionally active state during reoxygenation.
Even though well-established histone eviction models exist for the transcriptional induction of several yeast genes, the mechanisms responsible for eviction of histones remain elusive. Importantly, the model that we propose for the regulation of eNOS during hypoxia is distinct from models of histone eviction in yeast systems, since our findings reveal for the first time that histone eviction can also be involved in the repression of transcription. The findings presented here have important implications for the regulation of vascular gene expression in disease settings. We have recently shown that eNOS mRNA can be regulated post-transcriptionally in the setting of hypoxia by the upregulation of a cisantisense gene, sONE (34) . In addition to posttranscriptional regulation of eNOS, we posit that histone biochemistry plays an important role in the process of eNOS transcriptional repression during decreased cellular oxygen levels and that both rapid histone eviction and longer-term alterations in histone posttranslational modifications are functionally relevant. ChIP was used to assess H2A.Z incorporation across the eNOS (NOS3) promoter and coding region (A-E). The housekeeping gene, Cyclophilin A (CYPA), which is equivalently expressed in HUVEC and VSMC and ECadherin (CDH1), which is not expressed in either cell-type, were used as positive and negative controls, respectively. * denotes a statistically significant difference between HUVEC and VSMC (p < 0.05). (B) ChIP was used to assess the levels of H2A.Z at the eNOS proximal promoter and two upstream regions of the eNOS promoter during hypoxia. * denotes a statistically significant difference between normoxia and hypoxia (p < 0.05). Nucleosome accessibility of the eNOS proximal promoter (-166/-26) was measured during hypoxia. As a control, accessibility at the VEGF HRE was also monitored during hypoxia treatment. Hypoxia resulted in a gradual decrease in chromatin accessibility at the eNOS proximal promoter. The data represents the mean ± SEM of 3 independent experiments. * denotes a statistically significant difference between normoxia and hypoxia. 
